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EFFECTS OF FUEL NOZZLE DESIGN ON PERFORMANCE OF AN EXPERIMENTAL
ANNULAR COMBUSTOR USING NATURAL GAS FUEL
by Jerrold D. Wear and Donald F. Schultz
Lewis Research Center
SUMMARY
Tests of various designs of fuel nozzles with natural gas fuel were conducted in an
advanced-design full-annulus combustor. Various fuel nozzles were screened in an at-
tempt to find a design that would show improved combustion efficiency and altitude re-
light. Severe combustor operating conditions were used to accentuate possible combus-
tion efficiency differences resulting from the various nozzle designs. Three basic de-
signs of nozzles were tested having either axial, angled, or radial injection of the fuel.
Nozzle injection area and axial injection position were also varied. Test results indi-
cate that angled-injection nozzles exhibited the highest overall combustion efficiency
and had the least tendency for combustion instability. These nozzles also had altitude
relight characteristics equal to or superior to those of the other nozzles.
INTRODUCTION
The purpose of this investigation was to optimize the design of a fuel nozzle for
natural gas to obtain improved combustion efficiency at off-design conditions and to ex-
tend the altitude blowout and relight limits. Liquefied natural gas used as a fuel for
turbojet engines powering a supersonic transport has been shown to have many advan-
tages over the conventional ASTM A-l kerosene-type fuel (refs. 1 to 3). Some of the
reported advantages are increased heat-sink capacity, higher heating value on a weight
basis, low flame radiation, low smoke levels, and a reduced tendency for fuel decom-
position.
Previous tests with combustors designed for a supersonic engine have demonstrated
combustion efficiency with natural gas fuel equal to that of ASTM A-l liquid fuel at sim-
ulated takeoff and cruise conditions (ref. 4). However, at off-design conditions, com-
bustion efficiency decreased at a greater rate with decreasing combustor pressure and
was particularly sensitive to decreasing inlet-air temperature. Of particular importance
were the very poor altitude blowout and relight limits obtained with natural gas fuel. For
every operating condition, the blowout and relight pressures were significantly higher
than those obtained with ASTM A-l. Similar results are indicated by data presented in
reference 5.
Previous investigations have indicated that the method of gaseous fuel injection into
the combustor is of primary importance on combustion efficiency (refs. 6 to 9). In spite
of the many different fuel injector geometries used in these tests, no single method or
design seemed to excel.
For the tests described in this report, no attempt was made to alter the basic com-
bustor geometry, which was designed for use with kerosene-type fuel (ASTM A-l). In-
stead, all attempts at combustion efficiency improvement were focused on the method of
natural gas fuel injection.
Several different designs of fuel nozzles were investigated. Three basic modes of
fuel injection were evaluated: axial, radial, and angled injection. Several variations of
each type were also evaluated to determine effects of orifice size, injected gas velocity,
sheet or jet injection, and axial position.
The combustion efficiency test conditions simulate engine idle conditions and were
also intended to be severe enough so that possible combustion efficiency differences be-
tween nozzles would be evident. The nominal conditions were as follows: inlet pressure,
13. 8 and 17. 2 newtons per square centimeter (20 and 25 psia); combustor reference
velocity, 32.3 and 40.5 meters per second (106 and 133 ft/sec); and inlet air tempera-
ture, 422 K (300° F).
The altitude relight and blowout test conditions were obtained from a windmilling-
flight-Mach-number - altitude envelope. The conditions included two combustor refer-
ence Mach numbers, 0.08 and 0.10, and two inlet air temperatures, 300 and 425 K
(80° and 305° F).
APPARATUS
Test Facility
The fuel nozzle investigation was conducted in a full-scale experimental annular
ram-induction combustor installed in a closed-duct test facility at the Lewis Research
Center (ref. 10). An overall view of the test section is shown in figure 1. Airflows are
available for combustion up to 136 kilograms per second (300 Ib/sec) at pressures from
below atmospheric to 10 atmospheres. The air is heated by indirectly fired heat ex-
changers.
Figure 2 shows the combustor test section and the connected inlet and outlet ducting.
Flow straighteners installed in the air ducting (fig. 1) were followed by about 4^ pipe
diameters of constant-area inlet ducting leading to the test section. Following the inlet
ducting was the combustor housing, which included the diffuser inlet duct and the dif-
fuser. The combustor housing measured 106.3 centimeters (41. 85 in.) at the maximum
diameter and was 95.9 centimeters (37.75 in.) long. Following the combustor housing
was the outlet or exhaust instrumentation section. Following this section and down-
stream, the combustor exhaust gases were cooled by a water-injection spray system.
Airflow rates and combustor pressures were regulated by remotely controlled valves
upstream and downstream of the test section.
Combustor
The combustor used for these tests was a full-scale, full-annulus ram-induction
combustor designed for operation at Mach 3 cruise conditions with ASTM A-l liquid
fuels. This combustor is the same as the one used in references 11 and 12, designated
as model F. Figure 3 is a cross-sectional sketch of the ram-induction combustor with
pertinent dimensions. Figure 4 is an upstream view of a portion of the combustor and
shows original dual-orifice liquid fuel nozzles, air swirlers, and the combustor head-
plate. More complete details of the combustor and its performance are given in refer-
ences 11 and 12.
Fuel Nozzles
Figure 5(a) shows a portion of the fuel strut with the original dual-orifice liquid fuel
nozzle installed and the position relative to the headplate of the combustor. Pertinent
dimensions are included. The air swirler screws onto the fuel strut and acts as a re-
tainer for the fuel nozzles. The fuel strut with nozzle cannot be inserted into the com-
bustor housing if any part of the fuel nozzle extends downstream of the air swirler, as
shown in figure 5(a), because the downstream face of the air swirler engages the up-
stream face of the headplate swirl cup at assembly. Nozzles that did extend past this
plane had to be installed in the fuel strut after the strut was mounted in the combustor.
These nozzles were installed through the air swirler by being screwed into a threaded
insert that was retained by the air swirler. No change was made to the air swirler to
facilitate installation of the gaseous fuel nozzles.
The three nozzles that generally gave the best combustion efficiency values for each
of the three basic injection schemes were nozzles 13, 2, and 4. Nozzle 13, shown in
figure 5(b), was designed to provide downstream axial injection. The nozzle had the
largest feasible injection area without redesign of the air swirler. The injection area
was 0.811 square centimeter (0.1257 in. ). Nozzle 2, shown in figure 5(c), was de-
signed to provide injection of the fuel at an included angle of 27°. Each nozzle had six
holes and a total injection area of 1.068 square centimeters (0.1656 in. ). Nozzle 4,
shown in figure 5(d), was designed to provide fuel injection normal to the combustor
axis. The injection location was farther downstream than that of the previous nozzle.
The nozzle had two rows of five holes each and a total injection area of 3. 576 square
centimeters (0. 5542 in. ). The injection area of all nozzles is presented in table I.
Fuels
The chemical and physical properties of the natural gas fuel are presented in
table II. The natural gas composition reported is representative of the natural gas used
during the test program. The gas composition did vary slightly and was dependent upon
the season, demand, and gas field from which it was obtained. The variations in com-
position were accounted for in calculations of fuel-air ratio and theoretical temperature
rise.
Instrumentation
Combustion air and natural gas flow rates were measured by square-edge orifice
plates installed according to ASME specifications. Combustor-inlet-air total and static
pressures were measured at the plane of the diffuser inlet (station 3, fig. 2).
Combustor-outlet total and static pressures and total temperatures were measured at
the turbine-inlet plane (station 5, fig. 2). Combustor-exhaust total pressures and tem-
peratures were measured at 3° increments around the exhaust circumference. At each
point, five temperature and pressure readings were obtained across the radius. Exhaust
thermocouples were platinum-plus-13-percent-rhodium/platinum and were of the high-
recovery aspirating type. The indicated readings of all thermocouples were taken as
true values of the total temperatures. More detail of the instrumentation construction,
dimensions, and readout capability is given in references 10 and 12.
PROCEDURE
Combustion Efficiency Tests
Table HI presents the various values for three operating conditions used for per-
formance comparisons of the nozzles. These include inlet pressures, temperatures,
mass flows, reference velocities, and values of a correlating parameter PT/V, where
P is inlet total pressure, T is inlet total temperature, and V is combustor reference
velocity. The different operating conditions are designated as conditions 1, 2, and 3.
The severity of the conditions increases from 1 to 3. Conditions 1 and 2 compare a
change in reference velocity at the same inlet pressure. Conditions 2 and 3 compare a
change in inlet pressure at constant reference velocity.
After ignition, the inlet conditions of pressure, temperature, and airflow were ad-
justed to desired values. An approximate fuel-air ratio of 0.008 was chosen for the lean
operating limit. At constant conditions, fuel flow was increased and data were taken at
several fuel-air ratios. A rich fuel-air ratio limit of approximately 0.02 was arbitrarily
selected. However, in many of the tests, audible instability and/or erratic combustion
was encountered before this value was reached. When this situation occurred, the fuel
flow was slightly reduced so that a complete set of data could be obtained without damage
to the combustor. This reduced fuel-air ratio was considered to be the rich limit of the
curve. No attempt was made to go through the unstable combustion to possible blowout.
Previous tests had indicated that, when the fuel-air ratio was increased during unstable
combustion, combustion that may be described in one of the following ways would occur:
(1) Blowout would occur with increased fuel-air ratio after unstable combustion was
encountered.
(2) The pressure amplitude would remain at about the same level of intensity as fuel-
air ratio was increased.
(3) Combustion would become violently .unstable with an increase in fuel-air ratio,
and severe combustor damage would occur in a very short time.
Altitude Limit Relight and Blowout
The altitude relight and blowout characteristics of the various fuel nozzles are com-
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 pared by two criteria: (1) the minimum combustor-inlet total pressure at which ignition
occurred and stable combustion was maintained at the ignition fuel-air ratio, and (2) the
pressure at combustion blowout. These tests were conducted at reference Mach num-
bers of 0.08 and 0.10 and at inlet-air temperatures of 300 and 425 K (80° and 305° F).
No change was made to the igniter position or type for these tests (fig. 5(a)).
The altitude relight data were determined as follows. At the desired inlet condi-
tions, the fuel-air ratio was slowly varied up and down from about 0.005 to 0.015 (dur-
ing a maximum time period of 60 sec). If ignition occurred and combustion was stable
at the ignition fuel-air ratio, the inlet pressure was recorded as an ignition pressure.
After a successful ignition, inlet conditions were adjusted to desired values if they had
varied at all during the start, and the fuel-air ratio values decreased or increased to a
value of about 0.01.
The altitude blowout data were obtained as follows. After ignition at a combustion
pressure value considerably higher than the blowout pressure, the values of inlet-air
temperature and combustion reference Mach number were adjusted to their desired val-
ues and then maintained constant. A fuel-air ratio of about 0.01 was held while making
combustor pressure changes. At a fixed inlet-pressure condition, fuel flow was in-
creased to a value that resulted in a fuel-air ratio of 0.012 to 0.013 (theoretical temper-
ature rise of approximately 556 K or 1000° F). The fuel-flow increase was over a time
period of 6 to 8 seconds. If the monitored exhaust temperature indicated an increase
during the fuel flow increase, the fuel-air ratio was reduced to about 0.01, combustor
pressure was decreased, and the series of steps was repeated. This procedure was re-
peated until combustor blowout was encountered.
CALCULATIONS
Combustion Efficiency
Efficiency was determined by dividing the measured temperature rise across the
combustor by the theoretical temperature rise. Exit temperatures were measured with
five-point traversing aspirated thermocouple probes and were mass-weighted for the ef-
ficiency calculation. The inlet temperature was the arithmetic average of readings of
eight single-point thermocouples around the inlet circumference. The theoretical tem-
perature rise was computed as a function of fuel (heat of formation and hydrogen-carbon
weight ratio), inlet-air pressure, inlet-air temperature, and fuel-air ratio.
Chromatographic analysis of the natural gas indicated about 98 percent hydrocar-
bons, as shown in table II. The heating value and fuel-air ratios used for theoretical
temperature rise and other calculations and figures were based on actual hydrocarbons
in the gas. The nonhydrocarbons were considered as air.
In let-Air Total Pressure
The inlet total-pressure average was obtained by mass-weighting values from eight
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five-point pressure rakes around the diffuser inlet. Static pressures, used in the mass-
weighting calculations, were measured around the circumference on both the inner and
outer wall of the inlet annulus.
Combustor Reference A/lach Number
The reference Mach number was computed from the total airflow, inlet total pres-
sure and temperature, and reference area (maximum cross-sectional area between inner
and outer shrouds, 4484 cm2 or 695 in.2) (fig. 3).
Combustor Reference Velocity
Reference velocity for the combustor was calculated from the reference Mach num-
ber and sonic velocity at the combustor-inlet conditions.
Diffuser-lnletMach Number
This Mach' number was computed from total airflow, diffuser-inlet area, and
diffuser-inlet static pressure and total temperature.
Total-Pressure Loss
The total-pressure loss is defined as the difference between diff user-inlet and
turbine-inlet mass-weighted total-pressure averages. The total-pressure loss, there-
fore, includes the diffuser loss.
Fuel Nozzle Injection Velocity
The injection area of the gaseous fuel nozzles was considerably larger than upstream
restrictions between the nozzle and the fuel manifold. The actual pressure differential
across the injection area of the various designs of nozzles was determined by air cali-
bration of the nozzles. These values, after adjustment for density (differences between
air and natural gas), were used to obtain fuel injection velocity.
Units
The U.S. customary system of units was used for primary measurements and calcu-
lations. Conversion to SI units (Systems International d'Unites) is done for reporting
purposes only. In making the conversion, consideration is given to implied accuracy
and may result in rounding off the values expressed in SI units.
RESULTS AND DISCUSSION
Combustion Efficiency Tests
Test results of all fuel nozzles are presented in table IV. As previously mentioned,
nozzles 13, 2, and 4 generally gave the best combustion efficiency for each of the three
basic injection schemes. Details of these nozzles are given in the APPARATUS section.
Pertinent details and dimensions of the additional nozzles tested are listed in appendix A.
A discussion of test results obtained with these additional nozzles is given in appendix B.
Figure 6 shows the effect of fuel-air ratio on combustion efficiency for nozzles 13,
2, and 4 at the three nominal operating conditions. As previously mentioned, the com-
bustion efficiency test conditions were chosen to represent engine idle conditions. A
range of conditions was chosen in order to have conditions severe enough to indicate pos-
sible efficiency differences between nozzles. At test condition 1 (fig. 6(a)) there was a
general increase in efficiency with all nozzles as fuel-air ratio was increased. At lean
fuel-air ratios, nozzles 2 and 4 gave slightly higher efficiency values, while at higher
fuel-air ratios, nozzles 13 and 2 showed better efficiency. At test conditions 2 and 3
(figs. 6(b) and (c), respectively) and low fuel-air ratios, nozzle 4 permitted as high or
higher efficiency values than nozzle 13 or 2; however, as fuel-air ratio increased, the
efficiency for nozzle 4 fell off quite rapidly to values lower than those for the other noz-
zles. Unstable combustion was encountered by nozzles 4 and 13 at successively lower
fuel-air ratios as test conditions varied from 1 to 3.
Nozzle 2, which injected the natural gas as six discrete jets at an included angle of
27°, clearly exhibited higher efficiencies and a wider operating fuel-air-ratio range.
Nozzle 4, which gave the lowest efficiencies at the higher fuel-air ratios, injected the fuel
normal to the combustor centerline. With this nozzle, the injection plane was farther
downstream than that of the other two nozzles.
Results of investigations at the Lewis Research Center (unpublished data) indicate
that combustion efficiency values obtained with ASTM A-l liquid fuel and the dual orifice
nozzles were 8 to 12 percentage points higher (test condition 3) than values obtained with
natural gas and nozzle 2.
The variation of combustor temperature rise with fuel-air ratio for nozzles 13, 2,
and 4 at the three test conditions is shown in figure 7. At test condition 1 (fig. 7(a)),
temperature rise values greater than 800 K (1440° F) were obtained with all nozzles. As
the test condition was varied from 1 to 3, the values obtained with nozzle 2 were some-
what greater than 750 K (1350° F). However, with nozzles 13 and 4, the maximum tem-
perature rise values dropped sharply to 550 and 430 K (990° and 774° F), respectively,
for condition 2 (fig. 7(b)) and to 380 and 325 K (684° and 585° F), respectively, for con-
dition 3 (fig. 7(c)).
Altitude Limit Tests
Test results for altitude limit ignition and blowout obtained with all nozzles are sum-
marized in table V. Discussion of test results of nozzles other than 13, 2, and 4 is pre-
sented in appendix B.
The inlet-air temperatures and reference Mach numbers listed in table V varied
slightly from test to test. The Mach number variations were considered to be small
enough so that no correction of the recorded blowout pressures was required. However,
as indicated in reference 4, small variations of the inlet-air temperature, particularly
at values near 300 K (80° F), had a large effect on measured altitude limits. In order
to make valid comparisons at the desired nominal temperature values of 300 and 425 K
(80° and 305° F), the measured pressures were adjusted for any variation in inlet-air
temperatures. The correction was made by making plots of the ignition or blowout pres-
sure against the inlet-air temperature and determining the proper pressure at the desired
nominal value of temperatures. These corrected data are presented in figure 8 for igni-
tion limits and figure 9 for blowout limits for nozzles 13, 2, and 4.
Data in figure 8 show that nozzle 13 (axial injection) provided ignition at the lowest
pressure at an inlet-air temperature of 300. K (80° F) at both combustor reference Mach
numbers. However, as the inlet-air temperature increased, this no longer held true.
Nozzle 2 was better at the low reference Mach number and 4 was best at the higher Mach
number. Minimum ignition pressures obtained with nozzle 2 were as low or lower than
those obtained with nozzles 13 and 4 at the low Mach number. However, at the higher
Mach number, the values obtained with nozzle 2 were considerably higher, at both inlet-
air temperatures. Nozzle 2 was more sensitive to variation of combustor reference
Mach number than were the other two nozzles.
The blowout results given in figure 9 show that radial, injection of the fuel, nozzle 4,
gives the highest blowout pressure. Angled fuel injection, nozzle 2, produces the lowest
blowout pressure at elevated air temperatures and is not greatly inferior to axial injec-
tion, nozzle 13, at the lower temperature.
Complete altitude limit data were not obtained with the nozzles at all test conditions.
In some cases, facility limitations of flow or pressure limited tests. In other situations,
previous results indicated that further tests would not be informative.
Altitude limit ignition and blowout data obtained with nozzles other than 13, 2, and 4
are presented in appendix B. The data include results from tests of nozzles of the same
injection scheme, but with variations in nozzle size and injection area. The results are
somewhat inconclusive in that no one type of nozzle design is clearly superior for both
relight and blowout. For example, the minimum ignition pressures obtained with noz-
zle 2 are considerably higher than those obtained with several other nozzles. However,
blowout pressures with nozzle 2 were as low or nearly as low as those obtained with any
of the other nozzles.
SUMMARY OF RESULTS
The wide variation in combustion efficiencies, stability range, and altitude ignition
and blowout pressures obtained with different nozzle designs indicates that the method of
gaseous fuel injection is an important step in the combustion process. However, the re-
sults are somewhat inconclusive in that no one type of nozzle design is clearly superior
at all test conditions. Fuel nozzles that gave good altitude relight often had a narrow
range of fuel-air ratios for stable combustion. Conversely, nozzles that demonstrated
high combustion efficiency and stable combustion were often inferior in some aspects of
altitude limit performance. From examination of the data, the following results were
obtained.
1. Gaseous fuel injected at a slight angle to the combustor axis (angled fuel injection)
generally gave better combustion efficiency, combustion stability, and lower altitude ig-
nition and blowout pressures.
2. Radial injection of the gaseous fuel generally gave the lowest efficiencies at the
high fuel-air ratio values and also the narrowest range of stable combustion of the three
injection methods. Radial injection results compare more favorably with results of other
injection methods from altitude ignition tests than with those from altitude blowout tests.
3. Axial injection of fuel gave combustion efficiencies approaching those of angled in-
jection, although the useful fuel-air ratio range of axial injection was reduced by combus-
tion instability.
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4. Combustion instability was common to all nozzles. The effect of the combustion
instability was to narrow the range of fuel-air ratios where satisfactory combustion could
be maintained.
Lewis Research Center,
National Aeronautics and Space Administration,




DETAILS OF GASEOUS FUEL NOZZLES
Axial Injection
Nozzle 11, shown in figure 10, was the same as nozzle 13, except that the injection
area was smaller. This nozzle was the threaded insert, described previously, that the
other natural gas nozzles screwed'into. The injection area was 0.199 square centimeter
(0.0308 in. 'I. Later this nozzle was drilled out, and the injection area was enlarged to
0.811 square centimeter (0.1257 in.^ to make nozzle 13.
Angled Injection
Nozzle 1, shown in figure 11, was designed as a replacement for the usual liquid fuel
nozzles. This nozzle did not extend downstream of the swirler. The natural gas was
metered through six angled holes in the nozzle body. These jets of fuel then converged
around the pintle on the nozzle axis which later served to spread the jet as a sheet as it
was injected into the combustor. The injection area of this nozzle was taken to be the
difference in areas of the swirler minimum area minus the area of the pintle stem. The
injection area was 0.773 square centimeter (0.1198 in. ).
Nozzle 6, shown in figure 12, had a slightly larger injection area than nozzle 1 and
injected the fuel at a 27° included angle, but 1. 5 centimeters (0.6 in.) downstream from
the usual injection position at the swirler face. The injection area was 0.888 square
o
centimeter (0.1377 in. ). The gas was injected as a sheet.
Nozzle 8, shown in figure 13, had the injection plane, which included 10 injection
holes, moved farther downstream and the physical size of the nozzle was substantially
increased. The injection area was 3. 576 square centimeters (0.5542 in. ). The in-
cluded angle of injection was 27°. The fuel issued more as discrete jets than as a sheet
as in nozzles 1 and 6. With the physical size of the nozzle increased, the fuel jets could
penetrate closer to the combustor walls than in previous angled-injection type nozzles.
The large size of this nozzle body, required in order to obtain increased injection area,
could change the airflow patterns from the air swirler.
Nozzle 9, shown in figure 14, was similar to nozzle 8 but had a smaller total injec-
tion area and only six injection holes. It had the same injection area as nozzle 2,
1.068 square centimeters (0.1656 in. ).
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Radial Injection
Nozzle 3, shown in figure 15, was a shorter length version of nozzle 4, shown in
figure 5(d). The first of two rows of radial injection holes (five in each row) was much
closer to the swirler face. The open or injection area of this nozzle was the same as2for nozzle 4, 3.576 square centimeters (0.5542 in. ).
Nozzle 5, shown in figure 16, injected the fuel as a radial sheet. The injection slot
was located 1.5 centimeters (0.6 in.) downstream of the swirler face, and the injection2flow area was 2.445 square centimeters (0.3790 in. ).
Nozzle 7, shown in figure 17, radially injected the natural gas from a set of eight2
longitudinal slots. The injector flow area was 2.140 square centimeters (0.3317 in. ).
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APPENDIX B
COMBUSTION EFFICIENCY AND ALTITUDE LIMIT IGNITION
AND BLOWOUT PRESSURES
Combustion Efficiency
The combustion efficiency obtained with the fuel nozzles described in appendix A, as
affected by fuel-air ratio, is presented in figures 18 to 21. Data are presented for each
nozzle at the three test conditions. Also included in these figures are results obtained
with nozzles previously described in the APPARATUS section.
Axial injection. - Nozzles 13 and 11, figures 5(b) and 10, were two nozzles designed
for axial injection that differed only in injection area. As shown in figure 18, nozzle 11,
with the smaller injection area, had slightly higher combustion efficiencies, particularly
at the lower fuel-air ratios. However, combustion instability was encountered at lower
fuel-air ratios than with nozzle 13.
The somewhat more limited stability range of nozzle 11 led to the choice of nozzle 13
as the better performing axial injection nozzle.
Angled injection. - Combustion efficiencies as affected by fuel-air ratio for nozzles
1 and 6, are shown in figure 19; data for nozzles 8 and 9 are presented in figure 20. The
efficiencies obtained with these nozzles were clearly inferior to that obtained with noz-
zle 2. Generally, the combustion efficiencies were low, even for the least severe oper-
ating conditions. Nozzles 6 and 9 had a very limited operational range before unstable
combustion occurred. Comparing the performance of nozzles 8 and 9 shows that injec-
tion of fuel at a low velocity enhanced the combustion stability range. The differences in
fuel injection position and angle may have also been responsible for differences in per-
formance, but the effect of each variable in this instance was not clear.
Radial injection. - The variation in combustion efficiency with fuel-air ratio and fuel
injection velocity with the radial injection fuel nozzles is shown in figure 21. A distinc-
tive characteristic of these nozzles was the rapid decrease in combustion efficiency as
fuel-air ratio increased at the more severe operating conditions. Efficiency results in-
dicated that radial jet injection close to the air swirler (nozzle 3) should be avoided.
When the injection position was moved farther downstream, as in the case of nozzle 4,
there was a slight increase in the stable combustion range, and combustion efficiency did
not decrease as rapidly with increasing fuel-air ratio. Radial sheet injection close to the
air swirler (nozzle 5) gave slightly better combustion efficiencies at the more severe op-
erating conditions than did nozzle 3 (radial jet injection close to the air swirler).
Summary. - Results obtained with the two axial injection nozzles were quite similar;
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nozzle 13 was considered slightly better because of a somewhat wider stable combustion
range at the most severe operating condition.
Nozzle 2 was clearly superior to the other angle injection nozzles tested. The vari-
ous nozzles included types that inject the fuel as jets or sheet, vary the injection plane,
and vary the injection velocity.
Radial injection nozzle 4 gave as high or higher combustion efficiencies and as wide
a stable combustion range as the other radial-injection nozzles.
Altitude Limit Ignition and Blowout Pressures
Altitude limit ignition and blowout data, of all fuel nozzles, are shown in figures 22
and 23, respectively. They include the data from nozzles 13, 2, and 4, which were pre-
viously discussed.
Ignition. - The radial injection nozzles 3, 4, 5, and 7 were designed to bring a high
fuel concentration near the igniter. This should have enhanced altitude ignition limits.
As shown in figure 22, some of the radial injection nozzles did show good relight char-
acteristics, although some other nozzles permitted lower ignition pressures. A study of
figure 22 indicates that angled injection, typified by nozzles 1 and 9, gave the lowest ig-
nition pressures at all operating conditions except the severest, low air temperature and
high combustor reference Mach number. At this severe condition, axial injection noz-
zle 13 gave the lowest ignition pressure. Also, nozzle 13 was least sensitive to varia-
tion in combustor reference Mach number. Axial injection nozzle 11, with a smaller
injection area than 13, gave about the highest ignition pressure of all the nozzles. The
disparity in minimum ignition pressure of the nozzles indicates that none of these de-
signs are optimum.
Blowout. - Data shown in figure 23 indicate that no one nozzle or nozzle type permits
the lowest blowout pressure at all operating conditions. Angled-injection nozzles 2 and 9
had the lowest pressures at low Mach number and both inlet-air temperature conditions;
axial-injection nozzle 13 permitted the lowest pressure at the high-Mach-number - low-
temperature condition; and radial-injection nozzle 5 showed the lowest ignition pressure
at the high-Mach-number - high-temperature condition. However, the pressure values
obtained with nozzles 13 and 5 were only slightly lower than values obtained with noz-
zle 2.
Summary. - Results of altitude limit ignition and blowout tests indicate that angled-
injection fuel nozzles generally permitted the lowest or nearly lowest pressures. The
large radial-injection area nozzle 13 permitted the lowest pressure for both ignition and
blowout tests at the most severe operating condition.
Several nozzle designs would ignite at fuel-air ratios as low as 0.004. In some
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cases, as fuel-air ratio was increased, after ignition, combustion was satisfactory; in
other cases, combustion blowout would occur before the fuel-air ratio reached a value of
about 0.010.
During blowout tests, there generally was a range of pressures over which the ex-
haust temperatures would remain constant or decrease, but not enough for blowout to
occur as the fuel-air ratio was increased to the desired value. Further decrease in
pressure would result in blowout.
Complete altitude limit data were not obtained with the nozzles at all test conditions.
In some cases, facility limitations of flow or pressure limited tests. In other situations,
previous results indicated that further tests would not be informative.
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TABLE II. - PHYSICAL PROPERTIES OF NATURAL GAS
Density,3 kg/m3 (lb/ft3) 0.7320 (0.0457)
Calculated net heat of combustion, J/kg (Btu/lb) 49 770X103 (21 397)








aAt temperature of 289 K (60° F) and pressure of 10.159 N/cm2 (30.00 in. Hg at 32° F).
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TABLE V. - COMBUSTOR ALTITUDE LIMIT DATA WITH NATURAL GAS FUEL








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure 3. - Cross-sectional sketch of ram-induction annular combustor, model F.
(Dimensions are in centimeters (in.).)
34
^—Original dual-orifice
nozzle for liquid fuel
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/ (0.266 in.): two rows
C-«9-3935
(d) Nozzle 4.














(a) Test condition llnominall: inlet total pressure, 17.2 newtons per square





(b) Test condition 2 (nominal): inlet total pressure, 17.2 newtons per square











.018 .020 .022 .024
(c) Test condition 3 (nominal): inlet total pressure, 13.8 newtons par square
centimeter (20 psia); reference velocity, 40.5meters per second (133 ft/sec).
Figure 6. - Combustion efficiency as affected by fuel-air ratio for various fuel










































(a) Test condition 1 (nominal): Inlet total pressure, 17.2 newtons per square













(b) Test condition 2 (nominal): inlet total pressure, 17.2 newtons per square








006 008 .010 .012 . 014 .016
Fuel-air ratio
.018 .020 .022 .024
(c) Test condition 3 (nominal): inlet total pressure, 13. 8 newtons per square
centimeter (20 psia); reference velocity, 40. 5 meters per second (133 ft/sec).
Figure 7. - Combustor temperature rise as affected by fuel-air ratio for various fuel nozzles.
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Combustor reference Maori number
Figure 8. - Variation of minimum ignition pressure with
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Combustor reference Mach number
Figure 9. - Variation of combustor blowout pressure with
combustor reference Mach number.
40
C-70-3840 i-Fuel nozzle (also used as
inserts for attaching
other types of nozzles)
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(0.188 in.); six holes
on 3.02-cm-)(l. 19-
in.-)diam circle
Figure 14. - Nozzle 9.
C-69-3936
Fuel nozzle /-Holediam, 0.675cm
/ (0.266 in.); two
rows of five holes




\ _J\ JJ_ 0.406 cm
(0.160 in.)
Figure 16. - Nozzle 5.
C-69-3932
Fuel nozzle
rEiqht equally spaced slots
/ 1.52 by 0.180 cm
/ (0.60 by 0.71 in.)
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2 (data from fig. 6)
Tailed symbols denote unstable
combustion (see table IV)
Nozzle 9
I J
(a) Test condition 1 (nominal): inlet total pressure, 17.2 newtons per square
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(b) Test condition 2 (nominal): inlet total pressure, 17.2 newtons per square
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(cl Test condition 3 (nominal): inlet total pressure, 13. 8 newtons per square
centimeter (20 psia); reference velocity, 40.5 meters per second (133 ft/sec).
Figure 20. - Combustion efficiency as affected by fuel-air ratio for three types of






4 (data from fig. 6)
Tailed symbols denote unstable










(a) Test condition 1 (nominal): inlet total pressure, 17. 2 newtons per square
















(b) Test condition 2 (nominal): inlet total pressure, 17. 2 newtons per square
centimeter (25 psia); reference velocity, 40. 5 meters per second (133 ft/sec).
I I I
.008 . 010 .012 . 014 .016
Fuel-air ratio
.018 .020 .022 .024
(c) Test condition 3 (nominal): inlet total pressure, 13.8 newtors per square
centimeter (20 psia); reference velocity, 40. 5 meters per second (133 ft/sec).
Figure 21. - Combustion efficiency as affected by fuel-air ratio for four types of
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